INTRODUCTION
Piwi proteins are animal-specific Argonautes exclusively expressed in the gonads where they associate with 24-31 nucleotides (nt) long Piwi-interacting RNAs (piRNAs) (Aravin et al., 2007a; Ghildiyal and Zamore, 2009; Siomi et al., 2011) . Together they mediate silencing of transposable elements. Biogenesis of piRNAs differs from that of other small RNAs in not requiring double-stranded precursors and the activity of the RNase III enzyme Dicer (Houwing et al., 2007; Vagin et al., 2006) . In contrast, long single-stranded precursors from discrete genomic loci called piRNA clusters are believed to be major sources of piRNAs (Brennecke et al., 2007) . These precursors enter a poorly characterized primary processing pathway to generate piRNAs with a strong preference for uridine at position 1 (U1-bias). In a second pathway, the primary piRNAs can guide Piwi endonuclease (slicer) action on target RNAs. This generates 5 0 ends of new secondary piRNAs, as proposed by the Ping-pong model (Brennecke et al., 2007; Gunawardane et al., 2007) . Primary and secondary piRNAs usually enter distinct Piwi proteins, like Drosophila Aubergine (Aub) and Ago3, respectively (Brennecke et al., 2007; Gunawardane et al., 2007) . Repeated cycles of cleavage by primary and secondary piRNAs can amplify piRNA populations via the Ping-pong cycle, and this is essential for maintaining an overall antisense bias to active transposons in flies (Li et al., 2009) . In mice, a noncyclic Ping-pong interaction between Mili and Miwi2 feeds secondary piRNAs into Miwi2 (Aravin et al., 2008; De Fazio et al., 2011; Kuramochi-Miyagawa et al., 2008) . Acquisition of these piRNA guides facilitates nuclear import of Miwi2, enabling its role in specifying de novo DNA methylation of transposon promoters. Although progress has been made in uncovering additional factors involved in these processes, we lack information on their exact roles in the pathway (Malone et al., 2009; Siomi et al., 2011) . Here, we identify a requirement of mouse Fkbp6 for biogenesis of Miwi2 piRNAs. Similar to a cochaperone, Fkbp6 associates with the molecular chaperone Hsp90 via its tetratricopeptide repeat (TPR) domain. Finally, using an insect cell culture model we demonstrate a role for Hsp90 in elimination of antisense RNA Ping-pong byproducts from Piwi complexes, potentially facilitating turnover of Piwi complexes.
RESULTS

Fkbp6 Is Essential for LINE1 Transposon Silencing
Tudor domain containing protein 1 (Tdrd1) is a Piwi-associated protein (Reuter et al., 2009; Vagin et al., 2009; Wang et al., 2009 ) that is required for the biogenesis of Miwi2-bound piRNAs (Figure S1 ). To identify additional factors acting in this pathway, we monitored Tdrd1 complexes for the presence of proteins previously detected in the Piwi proteome (M.R. et al., unpublished data) . This identified FK-506 binding protein 6 (Fkbp6) (Crackower et al., 2003) as a component of the Tdrd1 complex ( Figure 1A ). Immunofluorescence analysis indicates that Fkbp6 is a cytosolic protein in fetal male germ cells (gonocytes) ( Figure 1B ). However, unlike Mili and Tdrd1 which are enriched in cytoplasmic granules called pibodies ), Fkbp6 shows a diffuse distribution.
Mice lacking Fkbp6 display male infertility (Crackower et al., 2003) , a hallmark of all mouse piRNA pathway mutants. Since LINE1 (L1) and IAP retrotransposon elements are under the control of piRNAs, we examined their transcript levels in the Fkbp6 mutant. Northern analysis indicates that L1 elements are derepressed in the mutant, which was quantified by reverse transcription PCR (qRT-PCR) to be 6-fold higher than in the control ( Figures 1C and 1D) . Furthermore, L1ORF1p (Branciforte and Martin, 1994) , a protein product from the active L1 elements, is also detected in the mutant germ cells ( Figure 1E ). We also observed a reduction in DNA methylation on L1 elements Mili-associated piRNAs Figures 1F and S1A ), suggesting a failure to establish transcriptional silencing (Aravin et al., 2007b; Carmell et al., 2007; Kuramochi-Miyagawa et al., 2008) . However, IAP elements were not affected in the mutant. This is unlike the derepression of both retrotransposons seen in mouse mutants for the primary processing factor Mov10l1 ( Figure 1C) . A similar L1-specific derepression is also observed in the Tdrd1 and Mili DAH slicer mutants (De Fazio et al., 2011; Reuter et al., 2009; Vagin et al., 2009) (Aravin et al., 2008; De Fazio et al., 2011; Kuramochi-Miyagawa et al., 2008; Vagin et al., 2009 ) ( Figure S1 ). To address the role of Fkbp6 in piRNA biogenesis, we recovered Mili and Miwi2 RNPs from new born (P0) control and Fkbp6 mutant animals and examined their associated piRNAs. Although Mili remained associated with piRNAs in the Fkbp6 mutant, Miwi2-bound species were drastically reduced ( Figure 2A ). Reduction of Miwi2 piRNAs (28 nt reads) in the Fkbp6 mutant was also confirmed by deep sequencing of total small RNA populations (15-32 nt) from P0 testes ( Figures 2B and 2C ). Mapping of total small RNA reads to transposon consensus revealed a reduction in L1-specific sequences in the mutant, consistent with the fact that Miwi2 hosts much of the antisense L1 sequences in the prepachytene pool (Aravin et al., 2008) . Sequences mapping to the IAP consensus were largely unchanged ( Figure 2D ). The current model for biogenesis of Miwi2 piRNAs implicates a direct role for Mili slicer activity and its associated piRNAs (Aravin et al., 2008; De Fazio et al., 2011; Kuramochi-Miyagawa et al., 2008) . This led us to examine the Mili-bound piRNAs isolated from P0 mutant and control animals ( Figures 2E and 2F ). The strong U1-bias indicative of their primary origin is preserved in the mutant ( Figure 2G ). The normalized density of mapped reads to generative prepachytene piRNA clusters was also unchanged ( Figure 2H ). Furthermore, the ability of Mili piRNAs to engage in piRNA amplification by intra-Mili cycling (De Fazio et al., 2011) remains intact in the mutant, as indicated by the unchanged A10-bias ( Figure 2G ) and the detected 10 nt complementary overlaps between Mili piRNAs ( Figure S1I ). Finally, examination of piRNAs associating with Mili in P10 animals reinforces the conclusion that primary piRNA biogenesis remains intact in the Fkbp6 mutant (Figures 2I and S1J-S1N). Taken together, these data suggest that Mili remains competent in initiating biogenesis of Miwi2 piRNAs, but the subsequent events fail in the absence of Fkbp6.
Miwi2 is predominantly nuclear-localized and its entry dependent upon piRNA loading (Aravin et al., 2008; KuramochiMiyagawa et al., 2008) . Consistent with the failure to deposit piRNAs in Miwi2, a reduced nuclear accumulation of Miwi2 is observed in Fkbp6 mutant gonocytes ( Figure 2J ). However, the enrichment of Tdrd1 and Mili within pi-bodies remains unaffected in the mutant. Deficient loading of Miwi2 and its reduced nuclear accumulation are phenotypes also shared by the Mili and Tdrd1 mutants (Aravin et al., 2008; De Fazio et al., 2011; Kuramochi-Miyagawa et al., 2008; Reuter et al., 2009; Vagin et al., 2009 ). These results allow us to assign the three proteins, Mili, Tdrd1 and Fkbp6, to the same biochemical pathway leading to biogenesis of Miwi2 piRNAs.
Fkbp6 Is an Inactive Prolyl Isomerase that Associates with Hsp90 via Its TPR Domain
To explore the biochemical role of Fkbp6, we dissected the activities of its individual domains. Fkbp6 has an N-terminal FK-506 binding (FK) domain and a C-terminal tetratricopeptide repeat (TPR) motif ( Figure 3A ). The former identifies it as a member of the peptidyl prolyl cis-trans isomerase (PPIase) family (Lu et al., 2007) . PPIases are enzymes that catalyze the cis-trans isomerisation of prolines, bringing about conformational changes in target proteins (Wang et al., 2010) . However, our in vitro assays (Fischer et al., 1984) with recombinant Fkbp6 failed to reveal any isomerisation activity (Figures 3A and S2A) . Furthermore, as expected for inactive isomerases (Kamphausen et al., 2002) Fkbp6 showed no binding to the small molecule inhibitor FK-506, while the active enzyme Fkbp12 displayed high affinity (Kd = 5.2 nM) ( Figure 3B ). A comparison between crystal structures of the FK domain of active and inactive isomerases (Structural Genomics Consortium) (Szep et al., 2009 ) illustrates a conservation of the global architecture of the catalytic pocket bounded by aromatic residues in Fkbp6 (Figure 3C) . However, catalytically important residues are unconserved in Fkbp6 and its orthologs, allowing us to conclude that the protein is inactive as an isomerase ( Figure 3D ). It is likely that the FK domain might have evolved to mediate functions unrelated to prolyl isomerisation, which are presently unknown.
The TPR domain ( Figure 3E ), is a module also found in other proteins that serve as cochaperones, where it mediates association with the molecular chaperone Hsp90 (Lamb et al., 1995) . 
At Fkbp42 
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Fittingly, we can demonstrate an interaction between Fkbp6 and Hsp90 in mouse testes extracts ( Figure 3F ). In the heterologous system of HEK293T cells, endogenous Hsp90 interacts with HAFkbp6 and this is mediated via its TPR domain ( Figure 3G ). Crystal structure of a TPR domain in complex with the C-terminal TPR-acceptor site peptide MEEVD of Hsp90 highlights the critical residues for this interaction (Lamb et al., 1995; Scheufler et al., 2000) . Significantly, mutation of a conserved Lys (K254A) within the TPR domain of HA-Fkbp6 abolishes interaction with Hsp90, proving the specificity of this interaction ( Figures 3E  and 3G ). These findings are further supported by earlier studies that identified Hsp90 in fly and mouse Piwi complexes (Gangaraju et al., 2011; Vagin et al., 2009 ). Mutations in the single Drosophila gene for Hsp90 (Hsp83 in flies) are reported to activate transposons and impact levels of a few piRNAs (Specchia et al., 2010) , but its exact role in the pathway is unclear. A direct role for Hsp90 is demonstrated in the assembly of the RNA induced silencing complex (RISC) (Iki et al., 2010; Iwasaki et al., 2010; Miyoshi et al., 2010) . However, these studies used in vitro cell-free systems which are currently unavailable for recapitulating the entire piRNA biogenesis pathway. Therefore, in order to probe the role of Hsp90 in the piRNA pathway, we utilized the Bombyx mori (Silkworm) ovary-derived BmN4 insect cell line, which is shown to express functional orthologs of each of the involved proteins and have an active Ping-pong cycle (Kawaoka et al., 2009 ). BmN4 cells also express Shutdown (Munn and Steward, 2000) , the insect ortholog of Fkbp6 ( Figure S2K ). Using recombinant proteins, we demonstrate a direct interaction between Bombyx Shutdown and Hsp90 proteins, attesting to the conserved nature of this interaction ( Figure 3H ). Our attempts to study its function by knockdown strategies failed as we found these cells to be refractory to RNAi-mediated manipulations. However, the cell line is amenable to treatments with small molecule inhibitors, an approach we took to study the role of Hsp90 in the piRNA pathway.
Ping-Pong Byproducts Accumulate in Ago3 Complexes upon Hsp90 Inhibition
To inhibit Hsp90, we treated BmN4 cells with Geldanamycin (GA), a specific inhibitor that binds its N-terminal ATP-binding pocket (Kamal et al., 2003) . BmN4 cells express two Piwi proteins, Siwi and Ago3, which accept piRNAs with primary and secondary biogenesis signatures, respectively (Kawaoka et al., 2009) (Figures S2C and S2D) . The GA treatment (24 hr) did not affect Piwi protein stability, subcellular localization, or piRNA abundance in endogenous Piwi complexes ( Figure 4A and S2E-S2G). Strikingly, GA treatment resulted in the accumulation of an additional RNA species of 16 nt in Ago3 RNPs detectable from 24 hr posttreatment ( Figure 4A ). Deep sequencing ( Figure S3 ) and mapping of small RNA reads to transposon consensus indicated that the opposing strandpolarity of Siwi and Ago3 piRNAs (Kawaoka et al., 2009) was not altered by the GA-treatment (Figures 4B and 4C) . Interestingly, the 16-mer reads consistently mapped to the strand opposite to that bearing Ago3 piRNAs ( Figures 4B and 4C ). Confirming our suspicion that they might be complementary to each other, a majority (>60%) of the 16-mers were found to be perfectly complementary to Ago3 piRNAs, with their 3 0 ends aligned opposite to the 11 th nucleotide of the piRNA ( Figure 4D ).
The Ping-pong amplification model predicts an Ago3 slicer cleavage of a target RNA (between the guide positions 10 and 11) generating two fragments with distinct fates (Brennecke et al., 2007; Gunawardane et al., 2007) . One fragment with the 5 0 monophosphate end enters Siwi to mature as a new piRNA. This is supported by the strong 5 0 end 10 nt overlap signature of Siwi and Ago3 piRNA ( Figure S3C ). The second cleavage fragment carrying a 3 0 hydroxyl (3 0 -OH) end is never detected, presumably due to degradation. The 16-mer we identified here arises from this 3 0 -OH fragment, and hence is a byproduct of Ago3 slicing ( Figure 4D ). Confirming its dependence upon Ago3 slicing, the appearance of these byproducts is sensitive to a catalytic triad mutation in Ago3 ( Figure 4E ). Additionally, we detect 5 0 ends of Siwi piRNAs originating immediately (16 nt) downstream of the byproducts ( Figures  4F and S3F ), supporting the conclusion that they are precise degradation products of secondary biogenesis. Finally, similar 16 nt RNAs are also detected, albeit at very low levels, in Ago3 RNPs isolated from untreated cells (Figures 4G and S3G) , suggesting that they are normally generated as a byproduct during the Ping-pong cycle. In the absence of Hsp90 activity, the byproducts accumulate in Ago3 RNPs, awaiting their ejection.
Vasa-positive cytoplasmic granules called nuages are sites of piRNA biogenesis/function in Drosophila ovaries (Brennecke et al., 2007; Lim et al., 2009) . A similar colocalization with Vasa is seen for Ago3 in BmN4 cells, while Siwi displays a more uniform distribution in the cytoplasm with much fewer granules 
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Fkbp6 and Hsp90 in Secondary piRNA Biogenesis (Figures 4H and S2G) . We asked whether this specific localization to granules is related to the detection of 16-mers in Ago3 RNPs. Since arginine (R) methylation is important for Piwi protein localization in nuages (Kirino et al., 2009 ), we mutated all such putative methylation sites in Ago3 to lysines (K), abolishing its granular localization (Figures 4I and S2H) . Importantly, mislocalized Ago3 R/K failed to accumulate the byproducts upon GA treatment, although the protein was still stocked with the usual set of piRNA guides ( Figures 4J, 4K , and S4). Although Ago3 can acquire piRNAs irrespective of its localization to the nuage, the absence of 16-mer byproducts in the Ago3 R/K mutant suggests an inability to engage targets when mislocalized. Alternatively, it engages the target RNAs, but the short byproducts are not generated due to the absence of a potentially granuleresident 5 0 nuclease activity.
DISCUSSION
Biogenesis of piRNAs proceeds via two biochemically distinct pathways: primary and secondary processing. Here, we identified a role for the chaperone machinery in secondary piRNA biogenesis. In the biogenesis model for Miwi2 piRNAs, endonucleolytic cleavage of a target RNA initiates the process, after which one of the cleavage fragments gets transferred to Miwi2 to mature as a secondary piRNA. Genetic studies have implicated a multiple tudor domain containing scaffold protein Tdrd1 and the RNA helicase Vasa as essential biogenesis factors. Our study uncovers Fkbp6, a component of the Tdrd1 complex, as an additional factor (Figures 1 and 2 ). Similar to known cochaperones, Fkbp6 associates with the molecular chaperone Hsp90 (Figure 3F ), potentially implicating the chaperone machinery in secondary piRNA biogenesis. A direct role for the chaperone machinery is already reported for the assembly of plant and fly microRNAs and siRNAs into the RISC (Iki et al., 2010; Iwasaki et al., 2010; Miyoshi et al., 2010) . The Hsp90 chaperone machinery is required to bring about folding and conformational changes in a number of targets, and its outcome can be modulated by the use of cochaperones (Picard, 2002; Taipale et al., 2010) . In fact, plant RISC assembly is shown to require the activity of the cochaperone Cyclophilin 40 (Cyp40) (Iki et al., 2011) . Taken together, our work implicates a conserved role for the chaperone machinery in biogenesis of all classes of small RNAs.
In the context of the RISC, ATP-bound Hsp90 associates with empty Ago proteins to facilitate loading of small RNAs duplexes, possibly by inducing conformational changes in the Argonaute. Such a direct role during the loading step of both primary and secondary piRNA biogenesis remains to be determined. Nevertheless, our work with the BmN4 cells indicates an additional role for Hsp90: ejection of Ago3 slicer byproducts generated during secondary biogenesis ( Figure 4A ). This is analogous to the ATP-dependent turnover of Ago complexes after RISC cleavage (Haley and Zamore, 2004) , although Hsp90 appears not to be involved in this process (Iwasaki et al., 2010) . We propose that conformational changes of Ago3 by Hsp90 might help to eject these inhibitory RNAs, allowing Piwi to turnover. Pointing to the importance of this process, RNA-seq analysis indicates an upregulation of transposable elements in the GA-treated BmN4 cells ( Figures 3G-3I ).
Fly mutants of the Fkbp6 ortholog Shutdown show fertility defects, but its role in piRNA biogenesis remains unexplored (Munn and Steward, 2000) . Here, we demonstrated a direct interaction between Bombyx Shutdown and Hsp90 ( Figure 3H ), but how this complex contributes to the piRNA pathway remains to be determined. Similar to Fkbp6, Bombyx Shutdown also lacks catalytically important residues, suggesting that it might be inactive (Figure 3) . Consistently, treatment of BmN4 cells with the FKBP inhibitor FK-506 failed to elicit any obvious effect on piRNA biogenesis ( Figures S2I and S2J) . Thus, although our data indicate a link between Fkbp6/Shutdown and Hsp90, it remains to be seen if the precise mechanisms of action are conserved between mammals and insects.
Our study reveals the involvement of a previously unsuspected 5 0 nuclease activity in the Ping-pong cycle, required for generating the 16-mer byproducts. We envision a scenario where, after Ago3 slicing, this unknown nuclease attacks the 5 0 end of the 3 0 -OH cleavage fragment, leaving a footprint of the protection afforded by its presence in the Piwi complex. Supporting this possibility, we find no correlation between the size of the byproduct and its base-paired Ago3 piRNA ( Figures S3D and S3E) . This processing step then leaves the 16-mers with a 5 0 phosphorylated end ( Figure 4L ). Assuming that multiple Ago3 RNPs simultaneously engage a long precursor (which could be up to tens of kilobases long) (Brennecke et al., 2007) , access to the 5 0 end of the byproduct fragment is only possible for an endonuclease ( Figure 4M ). Such a conclusion is supported by the defined size (16 nt) of the byproducts, generated by the endonuclease activities of Piwi slicer (for 3 0 end) and the unknown 5 0 nuclease (for 5 0 end). In contrast, the piRNA read-lengths show a Gaussian distribution ( Figure S3A) , consistent with the exonuclease activity of the 3 0 Trimmer that generates piRNA 3 0 ends (Kawaoka et al., 2011) . The action of this 5 0 nuclease will likely contribute to accelerating the Ping-pong biogenesis in at least two ways: first, it will promote accessibility of the 3 0 Trimmer (Kawaoka et al., 2011) to 3 0 ends of new Siwi piRNAs; second, it will facilitate turnover of Ago3 by liberating it from a long precursor RNA ( Figure 4M) . Finally, such a 5 0 nuclease activity seems to be evolutionarily conserved, as slicer byproducts (19 nt RNAs) similar to the ones described here are also detected in mouse deep sequencing libraries (Berninger et al., 2011; Oey et al., 2011) . While our work using mouse and cell culture model systems have identified new players and the molecular steps at which they act in the piRNA pathway, development of cell-free systems would be needed to obtain detailed mechanistic insights into their workings.
EXPERIMENTAL PROCEDURES
Constructs, Antibodies, and Mouse Mutants Details of all plasmids and mouse mutants used in this study can be found in the Supplemental Information. Polyclonal antibodies to Bombyx Siwi and Ago3 were raised in rabbits against an antigen consisting of 1-200 amino acids of each protein produced in E.coli.
Protein Expression and Cell Culture
All expression constructs were transformed into the E.coli BL21 Rossetta strain. Mammalian HEK293T cell cultures were transfected using Lipofectamine and Plus Reagent (Invitrogen), while BmN4 cells were transfected using Fugene (Roche). Cells were treated with the Hsp90 inhibitor Geldanamycin (10 mM; Sigma).
Isomerization Assay and ITC
Prolyl cis-trans isomerase (PPIase) activity was determined with a proteasecoupled assay. Isothermal titration calorimetry (ITC) experiments were carried out using a Microcalorimeter ITC200 (GE Healthcare). The structure models for Fkbp12 (PDB ID: 2PPN) and Fkbp6 (PBD ID: 3B7X) were generated using Pymol from crystallographic data.
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